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FRQFHUQV RYHU 133V QXFOHDU UHJXODWRU\ DXWKRULWLHV LQ PDQ\ FRXQWULHV KDYH WLJKWHQHG WKHLU PDLQWHQDQFH DQG
LQVSHFWLRQVWDQGDUGVIRURSHUDWLRQDOSODQWV
&RQYHQWLRQDOO\WKHGHVLJQDQGLQVSHFWLRQRIFRPSRQHQWVKDYHFDXJKWPXFKPRUHDWWHQWLRQ,QWKHGHVLJQSHULRG
WKHUHLVDJUHDWHIIRUWWRILQGDQRSWLPXPLQFRQVWUXFWLRQWRHQVXUHWKHKLJKHVWTXDOLW\LQWKHPDQXIDFWXULQJSURFHVV
DQGWRVSHFLI\HVSHFLDOO\WKHORDGLQJVDQGWKHORDGWLPHKLVWRULHVRIWKHV\VWHPVDQGFRPSRQHQWV1HYHUWKHOHVVLWLV
D IDFW WKDWVRPHRI WKHV\VWHPVDUHVXEMHFWHG WR³QRWVSHFLILHG´ ORDGLQJ)RU LQVWDQFH WKLV W\SHRI ORDGLQJFDQEH
FDXVHGE\DFKDQJHLQRSHUDWLQJSDUDPHWHUVE\DEQRUPDORSHUDWLRQRUE\WKHIDFWWKDWORFDOHIIHFWVDUHQRWNQRZQLQ
GHWDLO $WWHPSWV WR FRYHU DOO WKHVH SRVVLEOH ORDGLQJV LQ FDOFXODWLRQV RI IDWLJXH DUH XQUHDOLVWLF 7KH LQVSHFWLRQ RI
SUHVVXUHUHWDLQLQJ HTXLSPHQW LV XVXDOO\ EDVHG RQ SHULRGLF QRQGHVWUXFWLYH WHVWLQJ ,W PD\ RYHUORRN WKH DFFLGHQWV
KDSSHQLQJLQRSHUDWLRQDOSHULRG)XUWKHUPRUHQRQGHVWUXFWLYHWHVWLQJQHHGVWREHSHUIRUPHGE\FHUWLILHGHQJLQHHUV
VR LQVSHFWLRQFDQEH ODERULQWHQVLYHDQG WLPHFRQVXPLQJ$QRWKHU LVVXH LV WKDWSLSHOLQHVFRDWHGZLWK LQVXODWRURU
EXULHGXQGHUJURXQGFDQQRWEHHDVLO\DFFHVVHG>@
)RU WKHVH UHDVRQV WKHQXFOHDU LQGXVWU\KDVDNHHQ LQWHUHVW LQGHYHORSLQJRQOLQHPRQLWRULQJ WHFKQLTXHV ,W LVD
XVHIXOWRROIRUFRPSRQHQWVWRSUHYHQWFDWDVWURSKLFIDLOXUHVDQGSURORQJWKHLUVHUYLFHOLIH&RPSDUHGWRGHVLJQDQG
QRQGHVWUXFWLYH WHVWLQJ RQOLQH PRQLWRULQJ FDQ SURYLGH WKH IROORZLQJ SRWHQWLDO EHQHILWV  DXWRPDWHG DQG
FRQWLQXRXVPRQLWRULQJFRQVLGHUDWLRQWRERWK³QRWVSHFLILHG´ORDGLQJDQGHQYLURQPHQWDOHIIHFWUHGXFWLRQLQ
RYHUKDXOIUHTXHQF\PDLQWHQDQFHFRVWDQGODERULQWHQVLW\PRQLWRULQJRIWKHKLGGHQGDPDJHLQFULWLFDOSRVLWLRQ
2QOLQHIDWLJXHPRQLWRULQJV\VWHPV
)DWLJXH LV FRQVLGHUHG WR EH RQH RI WKH PRVW FULWLFDO IDLOXUH PRGHV RI SUHVVXUHUHWDLQLQJ HTXLSPHQW LQ 133V
)DWLJXHLVDSURFHVVZKHUHE\FUDFNLQJRFFXUVXQGHUWKHLQIOXHQFHRIUHSHDWHGRUF\FOLFVWUHVVHVZKLFKDUHQRUPDOO\
VXEVWDQWLDOO\ EHORZ WKH QRPLQDO \LHOG VWUHQJWK RI WKH PDWHULDO )DWLJXH IDLOXUHV JHQHUDOO\ OHDYH FKDUDFWHULVWLF
PDUNLQJVRQWKHIUDFWXUHVXUIDFHRIFUDFNV7KHFUDFNVRISUHVVXUHUHWDLQLQJHTXLSPHQWZLOOFDXVHVKXWGRZQRI133V
FDXVLQJ VHULRXV HFRQRPLF ORVVHV HYHQ OHDGLQJ WR FDWDVWURSKLF DFFLGHQWV >@ )DWLJXH FUDFNLQJ LQ$PHULFDQ 6XUU\
QXFOHDUSRZHUSODQWFDXVHGVHFRQGDU\ORRSKLJKHQHUJ\FDUERQVWHHOSLSHOHDNDJHVOHDGLQJWRFDVXDOWLHVLQ>@
7KHIDWLJXHFUDFNLQJLQDKLJKSUHVVXUHLQMHFWLRQSLSHOLQHRI$PHULFDQ)DUOH\QXFOHDUSRZHUSODQWLQGXFHGOHDNDJH
LQ7KHIDWLJXHFUDFNLQJLQDKLJKSUHVVXUHLQMHFWLRQSLSHOLQHRI%HOJLDQ7LKDQJHQXFOHDUSRZHUSODQWJDYHULVH
WR OHDNDJH LQ0RUHRYHU$PHULFD(OHFWULF3RZHU5HVHDUFK,QVWLWXWHKDVDQDO\]HG WKHDFFLGHQWVKDSSHQHG LQ
7KH\IRXQGWKDWWKHUHZHUHFDVHVFDXVHGE\IDWLJXH>@
7KHUHIRUHPDQ\RQOLQH IDWLJXHPRQLWRULQJV\VWHPVKDYHEHHQUROOHGRXWE\ WKHZRUOG¶VPDMRUQXFOHDUHQHUJ\
GHYHORSPHQW FRXQWULHV (OHFWULF 3RZHU 5HVHDUFK ,QVWLWXWH RI WKH 8QLWHG 6WDWHV KDV GHYHORSHG WKH )DWLJXH3UR
6RIWZDUH6\VWHP>@7KH)UHQFKQDWLRQDOHOHFWULFLW\FRPSDQ\ZRUNHGRXWDWUDQVLHQWORJJLQJDQGIDWLJXHPRQLWRULQJ
VRIWZDUH6<6)$&>@$5(9$*PEKRI*HUPDQ\SXEOLVKHGWKHIDWLJXHDVVHVVPHQWVRIWZDUH)$026>@HWDO,Q
RUGHU WRPDNH WKHVH V\VWHPV FOHDUO\ NQRZQ WR WKH DXWKRUV VRPH UHODWLYHO\ FRPPHUFLDORIIWKHVKHOI V\VWHPV DUH
DQDO\]HGDQGWKHLUIXQFWLRQVDUHOLVWHGLQ7DEOH
7DEOH0DLQIXQFWLRQRIVHYHUDOIDWLJXHPRQLWRULQJV\VWHPV
1DWLRQDO 'HYHORSHUV 0RQLWRULQJ6\VWHP 6\VWHP)XQFWLRQ
86$ (35, )DWLJXH3UR>@ )DWLJXHDQGFUHHSPRQLWRULQJRISUHVVXUHUHWDLQLQJHTXLSPHQWLQSRZHUSODQWV
)UDQFH (') 6<6)$&>@ 7UDQVLHQWORJJLQJDQGWKHUPDOIDWLJXHPRQLWRULQJLQ133V
*HUPDQ\ 6LHPHQV )$026>@ )DWLJXHPRQLWRULQJRISUHVVXUHUHWDLQLQJHTXLSPHQWLQ133V
-DSDQ 3:5*URXS )$06>@ 7UDQVLHQWDQGIDWLJXHXVDJHPRQLWRULQJV\VWHPFRSHZLWKWKHUPDOVWUDWLILFDWLRQSKHQRPHQRQLQ133V
,QGLD %$5& )&06>@ )DWLJXH±&UHHS0RQLWRULQJ6\VWHPIRUKLJKWHPSHUDWXUHFRPSRQHQWVRISRZHUSODQWV
(35,(OHFWULFSRZHUUHVHDUFKLQVWLWXWHRIWKH8QLWHG6WDWHV(')(OHFWULFLWHGH)UDQFH
3:5*URXS-DSDQHVHSUHVVXUL]HGZDWHUUHDFWRUJURXS%$5&%KDEKDDWRPLFUHVHDUFKFHQWHU
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LQGXFHGE\FUDFNRIDVSUD\SLSHOLQHFRQQHFWLQJWRWKHSUHVVXUL]HUFDXVHG4LQVKDQQXFOHDUSRZHUSODQWXQH[SHFWHG
VKXWGRZQPDQ\WLPHVLQVKRZQDV)LJ>@,QRUGHUWRILQGRXWWKHUHDVRQRIWKHVHDFFLGHQWVVRPHH[LVWLQJ
IDWLJXHPRQLWRULQJV\VWHPVDUHDQDO\VHG
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F\FOHFRXQWPHWKRGLVXVHGWRV\VWHPDWLFDOO\HYDOXDWHSODQWVLJQDOVLQRUGHUWRFRXQWDQGFDWHJRUL]HSODQWWUDQVLHQW
HYHQWV*UHHQ
V)XQFWLRQLVXVHGWRFDOFXODWHVWUHVVIRUWKHWUDQVLHQW$OOWUDQVLHQWHYHQWVDUHDXWRPDWLFDOO\FDSWXUHG
E\ WKHV\VWHPDQGDOOGDWDDUHVDYHGDQGFXPXODWLYHXVDJH IDFWRUVDUHGHWHUPLQHGIRUHDFKHYHQW7KH\IDFLOLWDWH
SODQWOLIHH[WHQVLRQE\SURYLGLQJDQLPPHGLDWHXSWRGDWHDQGFRQWLQXDODVVHVVPHQWRIIDWLJXHXVDJHLQDOOFULWLFDO
SODQWFRPSRQHQWVERWKYHVVHODQGSLSLQJ6RPHNH\FKDUDFWHULVWLFVDUHVKRZQLQ7DEOH
7DEOH7KHGHWDLOHGLQIRUPDWLRQRIVRPHV\VWHPV
)$026 )DWLJXH3UR )$06 6<6)$& )&06
'DWD6DPSOLQJ)UHTXHQF\ V V V V ±V
7KHUPRHOHFWULF&RXSOH ¥ ¥ î î î
*UHHQ
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5&&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
)($)LQLWH(OHPHQW$QDO\VLV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($)(QYLURQPHQWDOO\DVVLVWDQW)DWLJXH

7KHUHDUHPDQ\UHDVRQVZKLFKFDQHYRNHFUDFNVRI WKHSUHVVXUHUHWDLQLQJHTXLSPHQW LQ133VVXFKDV WKHUPDO
IDWLJXHYLEUDWLRQIDWLJXHDQGIORZDFFHOHUDWHGFRUURVLRQ7KHH[LVWLQJPRQLWRULQJV\VWHPVDFTXLUHWKHSURFHVVGDWD
RI WKH SODQW EXW VRPH VPDOO FUDFN FDQ¶W LPPHGLDWHO\ LQGXFH WKH SDUDPHWHUV FKDQJH 7KH ³GHVLJQ WUDQVLHQW´
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FDOFXODWHGE\WKHV\VWHPPD\QRWLGHQWLFDOZLWKDFWXDOO\RFFXUUHGWUDQVLHQWLQSODQW7KHHUURUVPD\EHLQWURGXFHGE\
VLPSOLILHGDQGLGHDOL]HGOLIHHVWLPDWLQJPRGHO7KHUHIRUHWKHFRQFOXVLRQFDQEHGUDZQWKDWVRPHGHJUDGDWLRQVWDWH
RI WKH FRPSRQHQWV FDQ¶W EHPRQLWRUHG E\ WKHVH V\VWHPV ,Q RUGHU WR RYHUFRPH WKHLU GUDZEDFNV QHZPRQLWRULQJ
WHFKQRORJ\VKRXOGEHGHYHORSHGWRSURYLGHHDUO\ZDUQLQJDQGSUHYHQWLQDGYHUWHQWO\VKXWGRZQRIWKH133V
6PDUWOD\HUWHFKQRORJLHV
7KHIDLOXUHPHFKDQLVPRIWKHSUHVVXUHUHWDLQLQJHTXLSPHQWLQ133VLVFRPSOH[7KHVWUHVVRIWKHFRPSRQHQWLV
LPSRUWDQWWRHVWLPDWHLWVUHPDLQLQJOLIH6WUDLQUDWHLVUHTXLUHGWRDVVHVVWKHHQYLURQPHQWDOIDWLJXH7HPSHUDWXUHFDQ
EH XVHG WR MXGJH WKHUPDO IDWLJXH$QG DFFHOHUDWRU LV DNH\SDUDPHWHU WR HVWLPDWH YLEUDWLRQ OHYHO ,Q RUGHU WR SD\
DWWHQWLRQWRDVPDQ\IDFWRUVDVSRVVLEOHDVPDUWOD\HULVJRLQJWREHGHYHORSHGWRPRQLWRUWKHGHJUDGDWLRQVWDWHRI
WKHQXFOHDUFRPSRQHQWV


)LJ%DVLFVWUXFWXUHRIVPDUWOD\HUIRURQOLQHFUDFNPRQLWRULQJRISUHVVXUHUHWDLQLQJHTXLSPHQWLQ133V

)LJ6WUXFWXUHVFKHPDWLFGLDJUDPRIWKHVPDUWOD\HU
7KH VPDUW OD\HU ZLOO EH GHVLJQHG DV D VHQVRU QHWZRUN ,W ZLOO LQWHJUDWH VWUDLQ VHQVRUV WHPSHUDWXUH VHQVRUV
DFFHOHUDWLRQVHQVRUVGHIRUPDWLRQVHQVRUVDQG3=7WRJHWKHUVKRZQDVLQ)LJ0DQ\NLQGVRIVHQVRUVDUHUHJXODUO\
HPEHGGHGLQWRPDWULFHVRIDGYDQFHGFRPSRVLWHPDWHULDOVWRFRQVWLWXWHDVPDUWOD\HU2QHIHDVLEOHVWUXFWXUHPD\EH
VKRZQ LQ)LJ 7KH SUHVVXUHUHWDLQLQJ HTXLSPHQW LQ133V FDQEHZUDSSHGE\ WKLV VPDUW OD\HU OLNH D FRDW7KH
GHJUDGDWLRQ VWDWH RI WKH FRPSRQHQW FDQ EH PRQLWRUHG GLUHFWO\ 0RUH LPSRUWDQW LV WKDW WKH ZHDNQHVV RI WKH
FRPSRQHQWVVXFKDVWHHVHOERZVZHOGLQJFDQEHPRQLWRUHGHDVLO\7KHRSHUDWLRQDOFRQGLWLRQRIWKHFRPSRQHQWFDQ
EHFRPSUHKHQVLYHO\PRQLWRUHG7KDWLVWRVD\VPDUWOD\HUFDQLPSURYHYHULILFDWLRQRIWKHFRPSRQHQWKHDOWKWKDWFDQ
6HQVRU
:LULQJ
&RPSRVLWH PDWHULDO
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HYHQWXDOO\UHGXFHWKHOLNHOLKRRGRILQDGYHUWHQWO\IDLOXUH6RWKDWDFFLGHQWVFDQEHUHGXFHGPDLQWHQDQFHFRVWVFDQEH
ORZHUHGDQGWKHVDIHRSHUDWLRQRI133VFDQEHHQVXUHG
.H\WHFKQLTXHSUREOHPVWRGHYHORSVPDUWOD\HU
7KHVPDUWOD\HUDVDQLQWHJUDWHGVWUXFWXUDOKHDOWKPRQLWRULQJV\VWHPKDVEHHQGHYHORSHGE\6WDQIRUG8QLYHUVLW\
DQG([FHOOHQW7HFKQRORJLHV,QF>@$QGLWKDVEHHQSXWLQWRPDUNHWLQJDSSOLFDWLRQRQDLUSODQHZLWKWKHKHOSRI
1$6$0DUVKDOO6SDFHDQG)OLJKW&HQWHU86$UP\$YLDWLRQDQG0LVVLOH5HVHDUFK'HYHORSPHQWDQG(QJLQHHULQJ
&HQWHU DQG &RQRFR3KLOOLSV 3URGXFWLRQ WHFKQRORJ\ HW DO +RZHYHU WKH IDLOXUH PRGHV RI WKH SUHVVXUHUHWDLQLQJ
HTXLSPHQWLQ133VDUHGLIIHUHQWZLWKWKDWRIDLUSODQH$QGWKHQXFOHDUSODQWHQYLURQPHQWLVPXFKKDUVKHUWKDQWKH
HQYLURQPHQW WKDW WKH VPDUW OD\HU LV ZRUNLQJ RQ DLUSODQH 7KHUHIRUH WKH GHVLJQ WHFKQLTXHV DUH GLIIHUHQW $IWHU
DQDO\VLV RI WKH ZRUN FRQGLWLRQ DQG GDPDJH PHFKDQLVP RI WKH SUHVVXUHUHWDLQLQJ HTXLSPHQW LQ 133V WKH NH\
WHFKQLTXHVFDQEHFRQFOXGHGDVIROORZV
5.1. Relationship between structure damage and sensing signal 
7KHVWUXFWXUHRIWKHSUHVVXUHUHWDLQLQJHTXLSPHQWLQ133VLVFRPSOH[$QGWKHGDPDJHUHDVRQVDUHFRPSOLFDWHG
VXFKDVYLEUDWLRQ VKRFN WKHUPDO IDWLJXH FRUURVLRQ HWF7KHUH LVQRH[LVWLQJH[SHULHQFH WRJXLGHKRZ WRDUUDQJH
VHQVRUVLQWKHVPDUWOD\HU7KHUHIRUHWKHGDPDJHFKDUDFWHULVWLFVRIHDFKVWUXFWXUHFDQEHH[SORUHGE\ILQLWHHOHPHQW
VLPXODWLRQ$QGVRPHFRQFOXVLRQFDQGLUHFWO\EHGUDZQIURPH[LVWLQJZRUNRIH[SHUWV)RUH[DPSOHVRFNHWZHOG
LQWHJULW\LQQXFOHDUSLSLQJXQGHUIDWLJXHORDGLQJFRQGLWLRQKDVEHHQUHVHDUFKHGE\&KRL>@)UDFWXUHPHFKDQLVPRI
D GLVVLPLODUPHWDOZHOGHG MRLQW LQ QXFOHDU SRZHU SODQW KDV EHHQ JLYHQ E\:DQJ >@ )DLOXUH RQ DEQRUPDOZDOO
WKLQQLQJRIKHDWWUDQVIHUWLWDQLXPWXEHVRIFRQGHQVHUVLQQXFOHDUSRZHUSODQWKDVEHHQDQDO\]HGE\&KHQ>@:KHQ
WKH UHODWLRQVKLS EHWZHHQ VWUXFWXUDO GDPDJH DQG VHQVLQJ VLJQDOV KDV EHHQ HVWDEOLVKHGZHZLOO GHGXFH D VFLHQWLILF
VHQVRU DUUD\ GHVLJQ PHWKRG 7KHUHIRUH D UHDVRQDEOH VHQVRU QHWZRUN FDQ EH DUUDQJHG HDVLO\ DQG WKH VWUXFWXUDO
GDPDJHFDQEHLGHQWLILHGFRPSOHWHO\
5.2. Packaging of the sensory network 
$OO VHQVRUV DQGZLULQJ DUH DUUDQJHGDQG HPEHGGHG LQWRDNLQGRI FRPSRVLWHPDWHULDO WR IRUP WKH VPDUW OD\HU
7KHUHIRUHWKHFKRLFHRIVXEVWUDWHPDWHULDODQGWKHSURFHVVRIHQFDSVXODWLRQZLOODIIHFWWKHUHOLDELOLW\DQGVWDELOLW\RI
WKHVPDUWOD\HU,QRUGHUWREHDSSOLHGLQWRQXFOHDUSODQWVWKHVHOHFWHGFRPSRVLWHPDWHULDOVKRXOGVXUYLYHXQGHUWKH
KLJK WHPSHUDWXUHKLJKSUHVVXUHDQGUDGLDWLRQ,IQRW WKHSUHFLVHVHQVRUVDQGZLULQJFDQQRWZRUNIRUD ORQJ WLPH
5HDVRQDEOHHQFDSVXODWLRQPHWKRGLVDQLPSRUWDQWZD\WRKHOSWKHVPDUWOD\HUEHDULQJWKHKDUVKHQYLURQPHQW7XHW
DOKDYHFRDWHGWKHUHJHQHUDWHGJUDWLQJVHQVRUVWRLPSURYHWKHLUWKHUPDOWROHUDQFH>@&KDQJHWDOXVHGSRO\LPLGHWR
SDFNDJH3=7QHWZRUNWRHQKDQFHWKHVXUYLYDELOLW\RI6PDUWOD\HU>@$VDUHVXOWWKHSDFNDJHWHFKQRORJLHVRIWKH
VHQVLQJQHWZRUNQHHGPRUHDWWHQWLRQWRGHVLJQDVPDUWOD\HUWRUHOLDEO\PRQLWRUWKHFRPSRQHQWVLQQXFOHDUSODQWV
&RQFOXVLRQV
2QOLQHPRQLWRULQJRIWKHSUHVVXUHUHWDLQLQJHTXLSPHQWLVDFUXFLDOPHWKRGWRSUHYHQWFDWDVWURSKLFIDLOXUHVDQG
SURORQJ WKHLU VHUYLFH OLIH LQ 133V ,Q WKLV SDSHU VRPH FRPPHUFLDORIIWKH±VKHOI RQOLQHPRQLWRULQJ V\VWHPV DUH
DQDO\]HG7KH\DUHJHQHUDOO\XVLQJSODQWSURFHVVGDWDWRDXWRPDWLFDOO\FDSWXUHWUDQVLHQWHYHQWVDQGWRGHWHUPLQHWKH
FXPXODWLYHXVDJHIDFWRUVIRUHDFKHYHQW%HFDXVHWKHGDPDJHPHFKDQLVPRIWKHFRPSRQHQWVLVFRPSOH[DQGHUURUV
ZLOO KDSSHQ LQ HDFK VWHS RI WKH FDOFXODWLQJ SURFHVV RI WKH PRQLWRULQJ V\VWHP 6RPH GHJUDGDWLRQ VWDWH FDQ¶W EH
HIIHFWLYHO\PRQLWRUHGE\WKRVHV\VWHPV2QWKLVFRQGLWLRQVPDUWOD\HUKDVEHHQGHVLJQHGWRPRQLWRUWKHSUHVVXUH
UHWDLQLQJHTXLSPHQWLQ133V7KHVWUXFWXUHVFKHPDWLFGLDJUDPRIWKHOD\HUDQGWKHEDVLFFRPSRQHQWRIPRQLWRULQJ
V\VWHPKDYHEHHQGHYHORSHG LQ WKLVSDSHU$QGWKHNH\ WHFKQLTXHV WRDSSO\ WKHVPDUW OD\HU LQWRQXFOHDUSODQWDUH
JHQHUDOL]HG
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